Water movement across plant tissues occurs along two paths: from cell-to-cell and in the apoplasm. We examined the contribution of these two paths to the kinetics of water transport across the parenchymatous midrib tissue of the maize (Zea mays L.) leaf. Water relations parameters (hydraulic conductivity, Lpr, cell elastic coefficient, e; half-time of water exchange for individual cells, T,,2) of individual parenchyma cells determined with the pressure probe varied in different regions of the midrib. In the adaxial region, Lp = (03 ± 0.3).10' centimeters per second per bar, e = 103 -72 bar, and T,,2 = 7.9 ± 4.8 seconds (n = seven cells); whereas, in the abaxial region, Lp = (2.5 -0.9). 10i centimeters per second per bar, e = 41 ± 9 bar, and T112 = 1.3 ± 0.5 seconds (n = 7). This zonal variation in Lp, e, and T1/2 indicates that tissue inhomogeneities exist for these parameters and could have an effect on the kinetics of water transport across the tissue.
The diffusivity of the tissue to water (D,) obtained from the sorption kinetics of rehydrating tissue was D, = (1.1 ± 0.4).10' square centimeters per second (n = 6). The diffusivity of the cell-to-cell path (Dj) calculated from pressure probe data ranged from De = 04 10' square centimeters per second in the adaxial region to De = 6.1 10-' square centimeters per second in the abaxial region of the tissue. D, = De suggests substantial cell-to-cell transport of water occurred during rehydration. However, the tissue diffusivity calculated from the kinetics of pressure-propagation across the tissue (D,') was D,' = (33.1 ± 8.0). 101 square centimeters per second (n = 8) and more than 1 order of magnitude larger than D,. Also, the hydraulic conductance of the midrib tissue (Lp. per square centimeter of surface) estimated from pressure-induced flows across several parenchyma cell layers was Lp., = (8.9 ± 5.6). 101 centimeters per second per bar (n = 5) and much larger than Lp.
These results indicate that the preferential path for water transport across the midrib tissue depends on the nature of the driving forces present within the tissue. Under osmotic conditions, the cell-to-cell path dominates, whereas under hydrostatic conditions water moves primarily in the apoplasm.
It is generally thought that there are two possible pathways for water movement in plant tissues: within the apoplasm and from cell to cell. The former pathway is composed primarily of a cell wall component, whereas the latter is comprised of both trans-'Supported by a grant from the Deutsche Forschungsgemeinschaft, (vacuolar) and symplasmic components. The porous nature of the wall material and the relative impermeability of cell membranes to water has led to the conclusion that water transport in plant tissues occurs primarily in the apoplasm. However, the rapid rates of water exchange exhibited by cells of higher plants (17) suggests that substantial cell-to-cell transport of water could occur under some conditions. In this paper, we investigated the kinetics of water transport in the midrib tissue of the maize leaf at the individual cell and whole tissue levels in order to determine the contribution of apoplasmic and cell-tocell paths to water movement.
The controversy concerning which is the dominant pathway is very old. Pfeffer (10) was perhaps the first to suggest that water was transmitted across the tissue osmotically and that cells were involved. Sachs (12) , on the other hand, proposed that water movement in tissues (and even over longer distances) was mediated by the imbibition of wall material via capillary forces ('imbibition theory'). Although Pfeffer's point of view was widely accepted, experiments showing that fluorescent or electron-dense material introduced into the transpiration stream could move quickly within the apoplasm suggested that this compartment represented the main path for water transport in plant tissues (18, 19) . However, movement of water from cell to cell may have gone undetected in such experiments due to the low permeability of cell membranes to dyes or electron-dense materials and the preferential binding of dyes to the cell wall.
Philip ( 11) was the first to formulate a general theory for water movement in plant tissues. His analysis assumed that water moved from cell to cell and a possible apoplasmic component was not considered. Philip's theory was extended by Molz and Ikenberry (9) who incorporated both cell-to-cell and apoplasmic pathways. They assumed that each cell within the tissue was in local water-flux equilibrium with its immediate surroundings. With this assumption, they quantified the contribution of the two pathways in terms ofthe hydraulic conductances and storage capacities for water. Using the experimental data available, they concluded that both pathways could contribute to a similar extent to the overall transport of water across the tissue.
The actual contribution of the cell-to-cell path to the transport of water in a plant tissue can be determined directly if the water exchange characteristics of the individual cells along the path are known. With the introduction of the pressure probe technique (5, 17, 22, 23) , it is now possible to measure the water relations parameters of individual plant cells. For most higher plant cells, the rate of water exchange with the local environment is fast (on the order of seconds) and the hydraulic conductivity of the cell membrane is relatively high (17) . Comparison of the half-times for osmotic shrinking and swelling of whole tissues with the rates of water exchange for individual cells indicates that a large portion of the water could flow along a cell-to-cell path during tissue hydration and dehydration (1, 13, 15) . However, Steudle and Boyer (13) found that hydrostatic pressure gradients applied across the cortex of soybean hypocotyls caused large water flows along the apoplasmic path. They concluded that the hydraulic conductance of a tissue (i.e. the dominant path for water flow) could depend on the nature of the driving force applied across the tissue and that under 'osmotic conditions' the apoplasm was rather ineffective in water transport. These results were different from those obtained for barley roots (14) where it was shown that the hydraulic conductance ofthe root tissue was independent of the nature of the driving forces applied. Water movement across the roots was predominately along a cell-to-cell path.
In this study we investigated the problem of water transport in plant tissues further using the (Fig. 2) . Using an infusion pump (Unita, Braun/Melsungen, FRG) or a vacuum jet, the hydrostatic pressure in the reservoir could be varied between several bars above atmospheric to near vacuum (about -I bar water potential). The hydraulic conductances of the clamp (i.e. of the vessels within the leaf clamped by the water-tight seal) and the vessels in the leaf up to the point of cell turgor measurement were much larger than that of the tissue outside the vessels (see "Results"). Thus, the half-times for changes in cell turgor (t /2 )4 4 
where a is a shape factor which can be taken as unity to a good approximation. Since T,2 = V/A -ln(2)fLp(e+ri)(I 1, 22) and V/A = r/2 for a cylindrical cell with I >> 2r, equation 3 Experiments were designed so that the hydrostatic pressure of the xylem could be changed stepwise and the response of the turgor of the cells outside the xylem monitored simultaneously. This approach assumes that the change in cell water potential in response to a change in xylem water potential will be expressed primarily as a change in cell turgor.
Since dP e 6 d4 E +lri (5) and e >> Wri (Table I) , this assumption holds to a good approximation. The experimental arrangement is shown in Figure 2 . It was essential that the half-time of the cell turgor response (t l/2 ) was controlled by the hydraulic conductance of the tissue and not by that of the xylem or clamp. Figure 4 shows that the hydraulic Fig. 2 ) to (a) the point at which turgor was measured and (b) the point at which the leaf protrudes from the clamp. VA was estimated from the total cross-sectional area of the xylem vessels within the five major bundles of the midrib (Fig. 1) (Table III) . This calculation of t, represents an upper limit because E, + 7r. = 100 bar would be an extremely low value considering the structure of the xylem and estimates of E) in the literature (4) . Therefore, the time required for the propagation of a pressure pulse within the xylem should be negligible compared with t l-or T,/ provided that there are no air bubbles in the system. Figure 5 shows the response of cell turgor to a change in xylem pressure for an epidermal cell located near the edge ofthe midrib tissue (zone III) approximately three to four cell layers distant from the nearest xylem vessel. t',I ranged from 15 to 18 s and was similar for P-> 0 and P. < 0 (Fig. SB) . It is evident that t'112 reflects the tissue response to APJ since t,/ >> T112 for this cell (Fig. 5A) .
If the change in water potential of the xylem is propagated across the tissue according to a diffusion type of kinetics, then the response time of individual cells at different positions within the tissue should vary in direct proportion to the square of the distance of the cell from the peripheral vessels. That is, the overall diffusivity of the tissue to water calculated from the cell response times (D,') should be similar regardless of the position of the cell provided that the tissue is uniform. To test this, the tl/2 for cells at various positions within the midrib tissue were measured. This test was performed only for cells in zones II and III because these regions were fairly homogeneous ( Fig. 1 and Table I ) and tl/2 x2 should be valid. Table II . The tissue diffusivities (D,') calculated from these l,,2 values ranged from D,' = 23.1 to 48.1. 10-6 cm2* s-'. Thus D,' for zones II and III was fairly uniform indicating that the propagation of the signal from the xylem across the midrib tissue followed a diffusion type of kinetics. However, D,' was I order of magnitude larger than D. or D, (Table II) suggesting that water transport occurred via a different mechanism (or along a different path) during the sorption and pressure-propagation experiments.
Pressure-Perfusion Experiments and Midrib Hydraulic Conductance. The discrepancy between D,' and D, indicated that the hydraulic conductance of the tissue was considerably higher when a hydrostatic pressure gradient was directly applied to (and may have been present in) the tissue. Therefore, an experiment was designed to estimate the hydraulic conductance ofthe midrib tissue directly in the presence of a hydrostatic pressure gradient. Stationary water flows were induced across a defined region of midrib tissue using the experimental arrangement shown in Figure 3 . The pressure-induced flows were quite large (range, 2 to -4. 10-5 cm3-s-') even for small pressure gradients (range, +0.1 to -0.3 bar). The resulting hydraulic conductance was Lp,, = (8.9 ± 5.6). 10-5 cm -s-' -bar-' (n = 5) when the conductance was expressed per cm2 of cut area in the channel (Fig. 3) .
Although there was considerable variability in Lp,l, it is evident that Lpm is larger than the individual cell Lp.
DISCUSSION
Several techniques were combined to elucidate the mechanism(s) of water transport across the parenchymatous tissue in the midrib of the maize leaf. A new technique (turgor pressure propagation) was developed to study the propagation of changes in cell turgor pressure across this tissue. The results show that the propagation of turgor (or water potential or volume) across the midrib follows a diffusion type of kinetics. These direct measurements at the cellular level support the general theoretical predictions for the kinetics of water transport in plant tissues (9, 11) . of water moving along a cell-to-cell path. This is in agreement with earlier studies comparing the diffusivity of the cell-to-cell path with that of cell-to-cell and apoplasmic paths combined (1, 13, 15 Figure 6 . Note that the half-times for water exchange (T112) for all three cells were much shorter than the half-time for the tissue response (11/2) shown in Figure 6 .
parameters T112, Lp, and exist and that they can have an effect on the kinetics of water transport across the tissue.
The diffusivity of the midrib tissue estimated from pressure propagation measurements (D,') was more than order of magnitude larger than D,. In addition, the hydraulic conductance of the midrib tissue (in the radial direction) estimated from pressure-perfusion measurements (Lpm) was much larger than Lp.
These results are incompatible with the cell-to-cell transport of water and suggest that, under the conditions of the pressure propagation and pressure perfusion experiments, water movement occurred primarily in the apoplasm. In both cases, a gradient in hydrostatic pressure was imposed across the tissue.
The gradient was transient during pressure-propagation but was stationary during perfusion. This is in contrast to the sorption experiments in which a gradient in osmotic or matric potential likely developed in the apoplasm of the dehydrated tissue. In all experiments, the driving force for water transport is the gradient in total water potential imposed across the tissue. This gradient must be similar in magnitude and direction in the apoplasm and from cell-to-cell. However, the flow of water in the apoplasm apparently varied with experimental conditions. This suggests that not all components of the total water potential are effective in moving water through the apoplasm and that the dominant pathway for water transport depends on the physical nature (hydrostatic, matric, or osmotic) of the driving force.
In part, these results are similar to those of Steudle and Boyer ( 13) for the radial water transport in growing segments of soybean hypocotyls. They found that D, was similar to D, and concluded that cell-to-cell transport was dominating during hydration.
However, the radial conductance of the tissue to water, Lp, (which is equivalent to our Lpm and measured using the pressureperfusion technique) was much too high to be interpreted by the same mechanism. Therefore, they concluded that apoplasmic transport must be dominating during pressure-driven flow. Steudle and Boyer (13) 
Thus, if a¢c << 1, the wall component becomes diminishingly small (13 It is interesting that there was no difference in the radial hydraulic conductance of barley roots (Lpr per cm2 of outer root surface) in the presence of a hydrostatic or osmotic gradient as determined using a special 'root pressure probe' (14) . Lpr of the barley root was about 10-7 cms-'bar-' and by 1 order of magnitude smaller than the cell Lp. This indicated that a substantial cell-to-cell transport of water occurred in the root cortex regardless of the nature of the driving force and suggests that either the wall Lp(., is very low or that the Casparian strip blocks the system of the interconnected intercellular air spaces in the barley root.
The possibility that the preferred path for water flow across plant tissues could depend on the nature of the driving forces present has general consequences for the water relations of plant tissues and may be important for the control of water flows within the plant (e.g. during water uptake into roots, radial water transport in stems, and also for the water transport across the different leaf tissues during transpiration). More direct evidence, however, is necessary to support this hypothesis. These experiments should incorporate measurements with osmotic gradients set up across tissues and more quantitative measurements to evaluate the effects of intercellular air spaces on water transport.
